The surface of mammalian spermatozoa is covered by a dense coating of carbohydrate-rich molecules forming a 20-60 nm thick glycocalyx. The majority of sugar residues are attached to proteins which are either integrated within the sperm membrane, or are more or less loosely associated with it. It is estimated that there may be several hundred different glycoproteins comprising the glycocalyx, some of which are synthesized within the testis. Others, however, are produced by the epithelia of the efferent ducts, epididymis and possibly other accessory glands, and become associated with the spermatozoa post-testicularly during transit through, and storage in, the male tract. The acquisition of the mature glycocalyx is associated with the attainment of full sperm fertilizing ability. Until its complete molecular structure is elucidated, the complex function of the glycocalyx remains obscure, though it may be related to membrane maturation and immunoprotection in the female tract, as well as to sperm-zona binding and fertilization.
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Introduction
The mammalian spermatozoon is a highly specialized epithelial cell whose main function exists free of its generative epithelial layer. It undergoes meiotic and mitotic differentiation within the testis, thereby acquiring a large number of proteins uniquely expressed in male germ cells. Before leaving the testis, ~90-95% of the cytoplasm is jettisoned in the form of the cytoplasmic droplet. The resulting gamete has been subjected to very rigorous natural selection to design a vehicle capable of transporting the haploid male nucleus to the oviduct of a recipient female coincident with the presence there of a mature oocyte, and to penetrate and fertilize that oocyte. The male gamete must therefore be specialized to be stored within the male tract for periods of time varying from several hours to several weeks; it must be able to penetrate the mucus secretions of the female reproductive tract and retain and metabolize sufficient energy to reach the oocyte in the oviduct; and finally it must be equipped with selective mechanisms to bind and penetrate the zona pellucida. It then has to fuse with and traverse the oocyte plasmalemma and undergo nuclear decondensation and zygote formation. Additionally, it has to be resilient to the immune defence mechanisms of the female tract, yet offer selection possibilities to sort good from poor quality spermatozoa, and be furnished with mechanisms which would prohibit interspecies fertilization. A number of these functions are also shared with certain small invading parasites, such as trypanosomes. It may therefore be helpful also to look at these organisms to identify which sperm components and mechanisms may be involved in some of these very special functions (McConville and Ferguson, 1993) . It has been estimated that the outer membrane of ejaculated human spermatozoa includes at least 300 different proteins, as detectable by vectorial labelling of intact spermatozoa with 125 I or biotin (Naaby Hansen et al., 1997) . Some of these are glycosylated and go to form what is generally referred to as the sperm glycocalyx. Additionally, the glycocalyx comprises carbohydrate residues linked to lipids and other molecular structures. Not all such molecules are tightly bound to the sperm surface membrane. Whereas some component moieties are intercalated or anchored within the lipid bilayer [e.g. transmembrane-or glycosylphosphatidylinositol (GPI)-anchored proteins], others are only superficially associated with the membrane via polar groups (e.g. protein-protein or lectin-sugar interactions) or by hydrophobic interaction. The majority (92%) of extracellular membrane proteins of all cells are glycosylated, 1 To whom correspondence should be addressed as a search in 1996 of the SWISSPROT protein database was able to show (Gahmberg and Tolvanen, 1996) . From experiments using a variety of different methodologies (e.g. N-glycosidase F-and neuraminidase digestion, lectin-binding or periodate oxidation; reviewed in Benoff, 1997) it would appear that, also for spermatozoa, carbohydrates dominate the extracellular surface. Taking these observations together, it seems that almost all interactions between the spermatozoon and its environment must initially involve an interaction with the sperm glycocalyx. The aim of this review is to focus on certain aspects of the structure and function of the sperm glycocalyx with particular relevance to the human.
Structure and maturation of the sperm glycocalyx
The sperm glycocalyx represents the interface between the male gamete and the extracellular milieu. The female gamete is also encompassed by a heavily glycosylated matrix, the zona pellucida. However, unlike the oocyte zona pellucida, the sperm glycocalyx appears to be quite different both in dimensions and complexity. Whereas the thickness of the zona pellucida varies from 1-2 µm in marsupials to 16 µm in the pig (Yanagimachi, 1994) , the glycocalyx of the spermatozoon appears to be considerably thinner. In the guinea pig, electron microscopic analysis of sectioned sperm heads shows a heteromorph layer varying in thickness from 20 to 60 nm apposed to the plasma membrane (Bearer and Friend, 1990) . For comparison, the typical glycocalyx of a human erythrocyte, as an example of a typical somatic cell, extends only about 10 nm from the plasma membrane, itself being about 7 nm in thickness (Rademacher et al., 1988) . Also, the sperm glycocalyx differs in complexity from the glycosylated investment of the oocyte. Only three glycoproteins (ZP1, ZP2 and ZP3; Yanagimachi, 1994) make up the main part of the zona pellucida, whereas it seems probable that the sperm glycocalyx comprises somewhere between 50 and 150 different glycoconjugates.
Additionally, unlike the zona pellucida, numerous studies have shown that the sperm surface is not homogeneous but is composed of different functional domains, reflecting a distinctive and regulable spatial distribution of the glycocalyx components. It is suggested that this microgeographic heterogeneity and/or compartmentalization is part of the key to understanding the complex biological functions of the spermatozoon during its post-testicular existence (Bearer and Friend, 1990; Yanagimachi, 1994; Moore, 1996) .
In contrast to this apparent complexity of the sperm surface, labelling experiments on intact rat spermatozoa with galactose oxidase/NaB 3 H 4 show a very high selectivity: in caudal spermatozoa, only one molecule of 32 kDa seems to be accessible to the action of the galactose oxidase, which could not be detected on testicular (Brown et al., 1983) or caput spermatozoa (Zeheb and Orr, 1984; Jones, 1989) . This molecule alone is thus supposed to form the major component of the outer part of the sperm glycocalyx. This 32 kDa molecule carries a GPI-anchor (Moore et al., 1989) and is highly glycosylated. Homologous gene products showing highly similar expression patterns have been found in all mammals investigated so far, including mouse (Kubota et al., 1990; Kirchhoff, 1994) and rat (Eccleston et al., 1994; Kirchhoff, 1994 Kirchhoff, , 1996 . Since this molecule appears on the sperm surface when spermatozoa acquire their fertilizing capacity, it was called the 'major maturation antigen' (Zeheb and Orr, 1984; Moore et al., 1989) or sperm membrane glycoprotein (SMemG; Eccleston et al., 1994) . Spermatozoa are terminally differentiated cells and appear unable to synthesize proteins de novo. Kirchhoff and Hale (1996) have therefore postulated a cell-to-cell transfer of GPI-anchored proteins from the epithelium of the epididymal duct onto the sperm surface. During the epididymal passage, the acquisition of this highly glycosylated antigen seems to be one of the major events which form the sperm glycocalyx.
The composition of the sperm glycocalyx has been investigated by a number of authors (Koehler, 1981; Lee and Wong, 1986; De Cerezo et al., 1996) . The majority have made use of specific lectins, which bind to different types of sugar side-chain (Cummings, 1994) , and thus together provide a picture of the sugar moieties forming the sperm surface. Whereas the majority of authors have looked at lectin-binding to ejaculated spermatozoa, some have used this technique to assess the changes in the glycocalyx during post-testicular sperm maturation, particularly during transit through the epididymis (Eddy et al., 1985; Margagee et al., 1988; Kumar et al., 1990; Bains et al., 1993; Arenas et al., 1996) . Much confusion in the literature has arisen through the use of differing sperm preparation protocols prior to lectin application. A particular fixation protocol might expose epitopes not detectable on native spermatozoa, for example, on the inner acrosomal membrane, and disrupt the outer structures of the glycocalyx, thereby removing some sugar epitopes and exposing others (Haas et al., 1988) . Additionally, lectin specificity can vary with lectin concentration, temperature and various other technical conditions, and needs to be checked by the appropriate use of competing sugars (Zeng and Gabius, 1992; Gabriel et al., 1994) . A further factor of relevance is the secondary or tertiary structure of a particular glycan, which may strongly enhance the interaction with the corresponding lectin. This can lead to the very high affinities reported for some lectins (Koehler, 1981) . In addition to the possible variability in lectin detection due to the use of differing protocols, there may also be considerable species differences in the lectin patterns reported, and it has been suggested that this could represent part of the cross-species fertilization barrier. Additionally, lectin binding may even vary within a species, in, for example, seasonal breeders (Calvo et al., 1995) . Nevertheless, carbohydrate-lectin interactions of this type are considered to be one of the most important components of cell-cell recognition (Gahmberg and Tolvanen, 1996) .
Because of this inherent variability, attention has often focused on features which appear to be shared in common across a wide range of species. Runnebaum et al. (1995) have described ConA-binding (Concanavalin A; Canavalia ensiformis lectin) molecules on the acrosomal region of the sperm plasma membrane which are recognized by a specific monoclonal antibody across several species. This would imply that this epitope on the sperm surface is conserved and thus of physiological importance. Similar ConA-binding has even been demonstrated on the surface of Drosophila spermatozoa (Perotti and Pasini, 1995) .
A further feature associated with sperm maturation also shared in common by many species is the general increase in negative surface charge during maturation (Yanagimachi et al., 1972; Holt, 1980; Koehler, 1981; Eddy et al., 1985) . This charge increase is probably due to the acquisition of sialic acid residues or acidic sperm antigens, and can be demonstrated by the increase in electrophoretic mobility of spermatozoa following epididymal transit (Bedford, 1963) . It also correlates with a rise in WGA-binding (wheat germ agglutinin, Triticus vulgaris lectin; specific for sialic acid and N-acetylglucosamine, GlcNac) on the sperm surface (Arenas et al., 1996) . Indeed, Fierro et al. (1996) showed a strong WGA-binding over the whole surface of ejaculated human spermatozoa, with presumably the thick layer of negatively charged sugars reported by Tsuji and colleagues (Tsuji et al., 1988; Tsuji, 1995) being responsible for this binding. Furthermore, Lassalle and Testart (1994) found a dose-dependent decrease in WGA-binding after digestion of motile human ejaculated spermatozoa with a neuraminidase (from Arthrobacter urefaciens) which preferentially cleaves terminal 2,6-linked sialic acid residues. In the rat, the major epididymally derived sperm surface proteins D and E are sialoproteins expressed in the proximal epididymis (Brooks, 1983) . Kumar et al. (1990) showed that binding of WGA over the acrosomal region of the living sperm head increased during epididymal transit in five different species (rat, mouse, rabbit, hamster, goat) with a maximum in the corpus region. In the rhesus monkey, Navaneetham et al. (1996) also showed that in unfixed epididymal spermatozoa there was an increase in WGA-binding in the corpus epididymides. The increase in WGA-binding is probably caused by an increase in GlcNac and/or sialic acid residues; however, this could be due either to a local glycosylation reaction on pre-existing substrates on the sperm membrane, or to the transfer of new sialylated glycoconjugates to the spermatozoa during transit.
Focusing on detection of lectin within the human epididymis, which appears to show less pronounced regionalization compared to other mammals, Arenas et al. (1996 Arenas et al. ( , 1998 , using lectin-histochemistry, indicated a considerable increase in lectin-binding molecules along the epididymis. In the caudal lumen, epididymal fluid was positive for all lectins studied and therefore should contain β-GlcNac/sialic acid (WGA; wheat germ agglutinin, Triticus vulgaris lectin), α-mannose (ConA; Canavalia ensiformis lectin), α-fucose (UEA-1; Ulex europaeus lectin), α-GalNAc (DBA; Dolichos biflorus lectin), β-GalNAc (SBA; soybean agglutinin; Glycine max lectin) and β-Gal (PNA; peanut agglutinin, Arachis hypogaea lectin). In contrast, in the efferent ducts, the lumen was only positive for WGA-reacting components. Thus the epididymis is a site of high extracellular glycosyl metabolism, presumably involving the secretory activity of the principal cells lining the epididymis. However, whereas some of this activity may involve the spermatozoa in transit directly, a large part of this may have less to do with the spermatozoa than with the composition and properties of the epididymal luminal fluid, where the spermatozoa are retained prior to ejaculation.
Origin and regulation of the glycoconjugates on the sperm surface
Very little is known about non-protein glycoconjugates on the sperm surface, for example, glycolipid components of the glycocalyx. Most attention has been given to the glycoprotein components of the sperm membrane. In general, there appear to be at least three different types of glycoprotein interaction with the sperm membrane. Some glycoproteins are made within the testis and have defined transmembrane domains, with extracellular regions glycosylated on the outer cell surface. These would include typical hormone-receptor proteins and similar integral membrane proteins. Whereas the majority of such proteins will be of spermatozoal origin, it cannot be excluded that even this class of protein might be transferred post-testicularly from cells of the male tract through the agency of prostasome or seminosome apocrine vesicles (Aumuller et al., 1997) .
A second class of glycoproteins may be produced after completion of spermiogenesis either within the testis (for example, from Sertoli cells or from epithelial cells of the rete testis) or post-testicularly in the epididymis or subsequent parts of the male tract. Such glycoproteins could undergo polar interactions with integral polar moieties on the sperm membrane. These might be in the form of protein-protein interactions or lectin-sugar interactions. Some of these interactions might be specific and of high affinity, others may be of relatively low affinity, the glycoproteins being later released from the sperm surface, for example, during capacitation (e.g. HE4, see below; or the so-called 'acrosome reaction inhibiting glycoprotein', described by Drisdel et al., 1995) . The spermadhesins also fall into this category (Töpfer-Petersen, 1999) . One of the first indications for this sort of sperm surface interaction came from the work of Tezon et al. (1985) . These authors showed that washing ejaculated human spermatozoa with high concentrations of salt removed a group of proteins which, when used as immunogen to raise antibodies, indicated their source to be within the epididymis rather than within the testis. We have repeated these experiments and showed that treatment of isotonic saline-washed, ejaculated human spermatozoa with 0.6 M NaCl removed a group of ~20 proteins with molecular weights ranging from 10 from 100 kDa ( Figure 1 , left panel). Subsequent incubation of these proteins with lectins showed that the majority were indeed glycosylated, and that this glycosylation was largely eliminated by pretreatment with N-glycosidase F (Figure 1 , right panel) to remove the N-glycosidic side chain from the primary amino acid substrate. Use of these proteins to raise monoclonal antibodies confirmed the observations of Tezon et al. (1985) for at least two of the proteins, i.e. that these originated within the epididymis and not the testis (McArdle, 1991) .
A third group of proteins, however, appears to undergo a secondary integration into the sperm plasma membrane. The best described of these are those furnished with a glycosylphosphatidylinositol (GPI) anchor structure, such as CD52 and CD59 (see below). In some way, which is still unclear, but may involve direct membrane-membrane or membrane-seminosome interactions, these molecules are transferred from the site of original synthesis, for example, in the principal cells of the epididymis, to the sperm plasma membrane, where the lipophilic GPI-anchor intercalates into the outer membrane lipid layer (Kirchhoff, 1996; Kirchhoff and Hale, 1996) .
Analysis of specific proteins forming part of the human sperm glycocalyx
As mentioned above, some proteins that could be removed by washing ejaculated human spermatozoa with moderately high salt concentrations were shown to have their origins in the epididymis. In an alternative approach, proteins secreted from epididymal epithelial cell cultures, and which were metabolically labelled with tritiated amino acids or [ 35 S]methionine, were shown to relocate to co-cultured spermatozoa (Tezon et al., 1985; Ross et al., 1990 ; reviewed for other species also in Cooper, 1986; Moore, 1990) . Precise information on the nature and synthesis of some of the human glycoproteins associated with the sperm surface and post-testicular sperm maturation have only emerged following the systematic molecular cloning of testicularly and epididymally expressed genes (e.g. PH-20: Lin et al., 1993;  fertilin (PH-30): Gupta et al., 1996; Jury et al., 1997; ARP: Hayashi et al., 1996; HE2: Osterhoff et al., 1994; HE5: Kirchhoff, 1996) . Although sperm surface glycoproteins have now been characterized from a number of species, there still appears to be a high degree of species diversity in expression. One example is the selenium-dependent glutathione peroxidase (GPX5) which was originally cloned from the mouse (Ghyselinck et al., 1991) . This gene product is very variable between species and does not appear to occur in the human (Beiglböck et al., 1998; Hall et al., 1998) . Here, we concentrate on those expressed in human tissues, and discuss other species only for comparative purposes. The most important of these glycoproteins are listed in Table I in order of their first appearance in the male tract.
PH-20
PH-20 is a sperm glycoprotein of ~64 kDa in the human (Sabeur et al., 1997) and appears to be highly conserved across species. It was originally discovered in the guinea pig (Primakoff et al., 1988) , as an integral sperm protein made in the testis, though it is anchored within the sperm plasmalemma and in the intra-acrosomal membrane (IAM) via a GPI-anchor. PH-20 has been shown to relocate during epididymal transit (Phelps and Myles, 1987) . In the testis it is localized over the entire sperm surface, whereas it moves during passage through the epididymis to be localized in the posterior head region (hence PH). There is a further redistribution during the acrosome reaction when the PH-20 epitopes on the IAM also become exposed (Myles and Primakoff, 1984; Phelps et al., 1990 ). There appears to be some species specificity in regard to the precise domain localization on the sperm surface; in the mouse, monkey and human, PH-20 appears initially to be restricted to the whole head region.
The human and cynomolgus monkey PH-20 cDNAs have been cloned, and share 90% identity with each other and 59% with the guinea pig PH-20 (Lin et al., 1993) . In particular, all 12 cysteine residues are conserved. This general conservation suggests that in all species this protein has a similar important function. The N-terminal domain of the molecule contains a hyaluronidase activity in the species examined, and it is assumed that this enables the spermatozoa to penetrate the cumulus cell layer surrounding the oocyte. Additionally, proteolytic processing of the PH-20 molecule has been reported following the acrosome reaction and is clearly subsequent to its insertion into the sperm plasma membrane. The resulting fragments, however, remain associated via disulphide bridges. It has been speculated that this processing may be part of the secondary binding to the zona pellucida, though the mechanisms are still poorly understood (Myles and Primakoff, 1997) .
Fertilin (PH-30)
Fertilin is an α-β heterodimer, which like PH-20, was also originally described from the guinea pig. Both subunits represent closely related transmembrane proteins, and appear to be involved in gamete fusion (Blobel and White, 1992 ; reviewed in Myles and Primakoff, 1997) . Also like PH-20, fertilin appears to exhibit a species-specific domain localization on the sperm surface. Both primate and human fertilin cDNAs have been cloned from the testis. However, at least the α-gene appears to be non-functional in the human (Jury et al., 1997) . Fertilin α and β were the first identified members of the ADAM (a disintegrin and metalloprotease) family. It is therefore possible that other members of this family may also be involved in gamete fusion, for example in the mouse (Cho et al., 1996) . Another member of this family has been cloned from the efferent ducts and caput epididymides of the monkey, the so-called epididymal apical protein 1 (EAP-1; Perry et al., 1992) . However, this has only been located on the apical membrane of the epididymal principal cells and not as yet on the sperm surface. A growing number of ADAMs have been found in the testis (Wolfsberg et al., 1995) , suggesting a more broad-based function of these heterodimeric transmembrane glycoproteins.
CD59
The 19 kDa CD59 glycoprotein appears to be present on the whole sperm surface of ejaculated, capacitated and also acrosome-reacted spermatozoa, as well as in tissue sections of the testis, as determined using immunohistochemistry (Fenichel et al., 1994) . This GPI-anchored molecule is widely distributed on cell surfaces throughout the body, and was originally found on the membranes of human blood cells (erythrocytes and leukocytes), and also on endothelial cells and ductular epithelia (Meri et al., 1991) . The CD59 cDNA was cloned from human lymphocytes by Sawada et al. (1990) . CD59, also known as 'protectin', effectively inhibits lysis by the membrane attack complex of the homologous complement system (Lachmann, 1991; Meri et al., 1991; Walsh et al., 1991) . Thus, the sperm CD59 glycocalyx antigen is also suggested to participate in the protection of male gametes against complement-mediated damage as they travel through the female genital tract. Furthermore, sperm CD59 is speculated to be involved in the gamete adhesion process during fertilization (Fenichel et al., 1994) . Kirchhoff et al. (1991) IAM = intra-acrosomal membrane; AEG = acidic epididymal glycoprotein; LRE = Leu-Arg-Glu; GPI = glycosylphosphatidylinositol.
SOB1
SOB1 is a glycoprotein of testicular origin (Boué et al., 1992; Lefèvre et al., 1998) that is localized on the subequatorial region of epididymal and ejaculated spermatozoa using the monoclonal antibody CA6 as probe (Boué et al., 1992 (Boué et al., , 1995 . Western blotting of extracts of human, macaque and rodent spermatozoa revealed a size for the SOB1 protein of 100 kDa, agreeing well with the size predicted from the cloned cDNA (94.8 kDa). The small difference in size compared to Western blotting is likely to be due to glycosylation of the sperm antigen (Lefèvre et al., 1998) . Northern blot analysis shows that the testis-specific expression of SOB1 is conserved among mouse, rat, rabbit, dog and cat. SOB1 reveals 32% homology with the mouse sperm fibrous sheath component (Fulcher et al., 1995) . The SOB1-recognizing Fab fragments of CA6 were also shown to inhibit specifically human sperm binding to hamster and human oocytes in a dose-dependent manner, suggesting that the SOB1 glycoprotein is involved in oocyte binding (Boué et al., 1995) .
ARP
To date, no functional counterpart to the guinea pig fertilin (PH-30) has been described for the human. However, a potential candidate could be the human glycoprotein ARP [acidic epididymal glycoprotein (AEG)-related protein], which has also been suggested to be involved in the sperm-egg interaction (Hayashi et al., 1996) . ARP is localized on the posterior region of the sperm head, similar to the localization of the guinea pig PH-proteins. However, ARP is synthesized post-testicularly by the epithelium of the efferent ducts, and expression persists in the caput and corpus regions of the epididymis (Hayashi et al., 1996) . Western blot analysis showed a protein of ~30 kDa (with a weak secondary band at 26 kDa) to be present throughout the epididymal lumen, in seminal plasma and on the surface of washed ejaculated spermatozoa. N-Glycosidase F treatment reduced the size of the protein by ~4 kDa and implied only a single sugar side-chain attached to Asn211 close to the C-terminus of the polypeptide. ARP is a novel member of the CRISP (cysteine-rich secretory protein) family (Haendler et al., 1993) , which includes a number of gene products specific to the male genital tract (Kratzschmar et al., 1996) . ARP is also related to another well-characterized secretory protein, the acidic epididymal glycoprotein (AEG) or protein DE (reviewed in Brooks, 1987) described in rodents. Although ARP is not the true homologue of the rodent AEG (Hayashi et al., 1996) , it resembles this protein in as much as it also binds to the post-acrosomal region of the sperm head. However, since a true AEG counterpart has not yet been identified in the human, ARP may prove to be the functional homologue of the rodent molecule. In rats, AEG is considered to be involved in sperm-egg fusion: specific antibodies block fertilization in vivo and in vitro (Cuasnicu et al., 1984; Perez Martinez et al., 1995) . Purified AEG binds to the egg surface and inhibits sperm-egg fusion in a dose-dependent manner . After in-vitro and in-vivo capacitation, AEG migrates from the post-acrosomal to the equatorial region of the sperm head, the region which first fuses with the oolemma .
HE2
HE2 is an abundant gene product from the proximal human epididymis, comprising 0.2% of the total epididymal mRNA pool, and was identified by tissue-specific differential screening of a human epididymal cDNA library (Kirchhoff et al., 1990; Osterhoff et al., 1994) . Both the mRNA and protein can be detected in the principal cells of the proximal epididymal epithelium, and immunoreactive epitopes are also detected on fixed epididymal and ejaculated spermatozoa over the acrosome and equatorial segment. Following in-vitro capacitation, the immunoreactivity is restricted to the equatorial segment (C.Osterhoff, unpublished data). The HE2 mRNA encodes a small polypeptide which after removal of a signal peptide has 81 amino acids (size ~9 kDa), including a single N-glycosylation site and six possible sites for O-glycosylation. Preliminary Western blot analysis of sperm protein extracts, however, using antibodies raised against different epitopes, suggests a much larger size of ~37-38 kDa (C.Osterhoff, unpublished data). Whether this is due to a considerable glycosylation or to possible complexation with other molecules, or to dimerization, is still an open question. An interesting feature of the HE2 molecule is that it appears to be retained with relatively high affinity by ejaculated spermatozoa, and yet there are no obvious structural features which could account for this. There is, however, an LRE-motif (-Leu-Arg-Glu-) within the primary sequence that has been implicated in cell adhesion (Hunter et al., 1989; Kawaoka et al., 1990) . This motif is located within a region of the HE2 molecule which shows a weak but significant homology to the influenza virus haemagglutinin sequence responsible for the attachment of the virus to cell receptors.
It thus seems possible that HE2 may also be involved in sperm-egg interaction like fertilin, which has a related TDE motif and a similar localization on the sperm head. To date, HE2 has only been identified in the human and recently also in the chimpanzee (Pan troglodytes) epididymis (Young and Fröhlich, 1998) . In the chimpanzee epididymis, the homologous HE2 mRNA expression seems to be androgendependent. Homologous molecules have not yet been found in other mammalian species, thus prohibiting detailed experimental studies on its possible function.
CD52/HE5
When the HE5 gene transcript was first cloned from the human epididymis (Kirchhoff et al., 1993) , it was shown to be identical in its peptide backbone to the lymphocyte antigen CD52 (Xia et al., 1991) . This peptide backbone is unusual in being remarkably short (only 12 amino acids) and results from cleavage of a secretory signal peptide from the N-terminus and a GPI-anchor signal sequence from the C-terminus of the primary translation product. The peptide is additionally furnished with a substantial N-glycosylation attached to an asparagine residue. Preliminary studies show that the epididymal CD52 has a different glycosylation from that on lymphocytes (S.Schröter, unpublished data). Antibody studies showed this molecule to represent quantitatively the most important glycoprotein on the surface of ejaculated human spermatozoa. Although initial studies could find no rodent homologue for this molecule, studies at the genomic level showed that HE5 is indeed the genomic homologue of the main maturation-associated, sperm surface antigen in rats, SMemG (Moore et al., 1989; Eccleston et al., 1994) , and in mice (Kubota et al., 1990; Kirchhoff, 1994) . Non-coding regions and exon-intron structures are highly homologous at the genomic level. Nevertheless, comparisons of CD52 peptide sequences revealed that the post-translational peptide backbone is quite different between species, though all homologues possess a conserved putative N-glycosylation site, conserved displaced GPI-anchor signal peptides, and conserved displaced signal peptides. Because the CD52 antigen is attached to the sperm surface by intercalation of the GPI-anchor into the outer leaflet of the sperm plasma membrane, it can potentially cover the whole of the sperm surface. HE5/CD52 is expressed relatively late during epididymal transit, with maximal expression in the distal corpus and cauda regions, coinciding with the major increase in negative sperm surface charge alluded to above. Antibody studies confirm that it indeed covers the whole of the sperm surface, and that this does not appear to alter following in-vitro capacitation (Osterhoff et al., 1995; Yeung et al., 1997; S.Schröter, unpublished data) . Molecular modelling of the lymphocyte CD52 molecule ( Figure  2) shows that the glycosylation probably makes up ~60% of the molecule (Xia et al., 1991; Treumann et al., 1995) . The sperm CD52, like the lymphocyte molecule, is also highly glycosylated and should similarly form a highly flexible structure on the sperm surface (Figure 2) . It is easy to imagine how a molecule like this, being expressed late during sperm maturation and in large amounts, could effectively coat the sperm surface with a highly fluid glycosyl matrix, thus masking other aspects of the sperm surface which may have been exposed and/or modified earlier during post-testicular transit.
A comparison of all the known CD52 molecules from five mammalian species (Figure 3) shows that, although the dimensions of the sperm glycocalyx may be altered, the principal features of the CD52 molecule, with a putative N-terminal N-glycosylation site upon a flexible GPI-anchored peptide backbone remain unchanged. The sequence comparisons of the homologous cDNAs have revealed a conserved consensus site for N-glycosylation in all examined species. This strongly suggests that the in-vivo product is in fact N-glycosylated in all mammals. In the case of the human sperm CD52 counterpart, the existence of an extensive N-glycosylation site has been convincingly demonstrated . Also, Zeheb and Orr (1984) have found that the rat CD52 molecule binds to a ConA-agarose column, specific for N-glycosidic mannose-rich chains. Whereas the human sperm CD52 appears to possess no sites for O-glycosylation (Xia et al., 1993) , the rat CD52 is probably highly O-glycosylated (Eccleston et al., 1994) . For the CD52 homologues from other species, there is still no direct experimental information on the degree of O-or N-glycosylation.
HE4
HE4 is an example of a protein with a relatively loose association with the sperm glycocalyx. The cloned cDNA sequence of this human epididymal protein predicts a small (95 amino acid) polypeptide with two whey-acidic-protein (WAP) domains represented by a duplicated pattern of four cysteine residues (Seemuller et al., 1986; Kirchhoff et al., 1991) . It also includes a single N-glycosylation site. Antibodies raised against the biotechnologically produced protein confirm the in-situ hybridization analysis of the mRNA, i.e. that this molecule is produced by the epithelial cells in low to moderate amounts throughout the epididymis, though with highest levels in the distal corpus and cauda. The antibodies also show that HE4 is associated with freshly ejaculated spermatozoa, but during incubation in appropriate capacitation medium, the HE4 protein diffuses away from the gametes, indicating only a low affinity binding. This is particularly noticeable during in-vitro capacitation, when the HE4 immunoreactivity is rapidly lost from the sperm surface (Osterhoff et al., 1995) . These properties are very similar to those expected of a decapacitation factor. However, the WAP-domain structure of HE4 also links it to a group of secretory protease inhibitors found in the female and the male reproductive tract in some species (Seemuller et al., 1986; Coronel and Lardy, 1992) . While this is not evidence for protease inhibitor interactions, it does imply that HE4 may be involved in other specific protein-protein interactions at the sperm surface. HE4 appears to have homologues in the epididymides of most mammalian species, at either the immunohistochemical or RNA hybridization levels; cross-reactive products have been identified in the human, dog, pig, horse and bull (Kirchhoff et al., 1990 (Kirchhoff et al., , 1991 Uhlenbruck et al., 1993; Ellerbrock et al., 1994) .
Glycosyl-modifying enzymes
In this review we do not focus on the enzymatic action of glycosyl-modifying enzymes, as there are excellent recent reviews elsewhere covering this topic in more detail (Benoff, 1997; Tulsiani et al., 1997) . Tulsiani et al. (1998) summarize their results from in-vitro studies in the rat model on the role of epididymal luminal fluid glycosyltransferases (as synthetic enzymes, mainly sialyl-and fucosyltransferase) and glycosidases (as hydrolytic enzymes), together comprising >80% of total enzyme activities in the epididymal luminal fluid. They showed that after incubation of live caput In-vitro activity of a hydrolytic enzyme was shown for a purified β-D-galactosidase from epididymal luminal fluid acting on a 135-150 kDa antigen from live caput but not caudal spermatozoa as substrate. This antigen was suggested to be degalactosylated during the incubation with the pure enzyme, indirectly shown by the decrease in PNA binding. This lectin has a high affinity for the terminal galactosyl residues of Galβ(1-3)GalNAc. These in-vitro results imply a role for glycoprotein-modifying enzymes in the modification of rat sperm plasma membrane glycoproteins during epididymal maturation, though the in-vivo function of glycosyl-modifying enzymes remains to be demonstrated.
A soluble galactosyltransferase has also been described from human seminal plasma (Ross et al., 1993) . This highly active 45 kDa component was detected in the caput epididymal Rademacher et al. (1988) and Jentoft (1990) . The symbols for N-and O-glycosylation sites are filled in if their existence has been experimentally proven (see text). The schematic drawing of the glycosylation is based on a typical complex type N-glycan.
intraluminal fluid, and is therefore another potential candidate involved in the modification of the human sperm glycocalyx during epididymal maturation.
Soluble glycosyl-modifying enzymes of the luminal fluid, acting within the male reproductive tract, may not be the only enzymes responsible for the changes of the sperm surface glyco-architecture. A number of intrinsic sperm surface components also appear to show enzymatic activity (reviewed by Tulsiani et al., 1997) , or at least bind to glycosidic structures on the zona pellucida. These have been described for several mammalian species, including the mouse and human, and include an α-D-mannosidase, mannose-binding protein, and a selectin-like molecule. Since carbohydrate-binding molecules are among those proposed as receptors for the zona pellucida (Tulsiani et al., 1997) , these glycosyl-modifying enzymes, whether soluble or sperm-bound, could encourage sperm maturation and enable sperm glycoconjugates to interact with their complementary molecules on the zona pellucida during fertilization.
The function of the sperm glycocalyx N-Glycans form a prominent part of the sperm glycocalyx, and probably contribute greatly to its physicochemical properties. One of the most striking features of N-glycans is their extraordinary flexibility, with a very high degree of rotation and movement possible about each glycosidic bond. Additionally, there is usually considerable microheterogeneity; on the same backbone molecule N-glycans may vary markedly in chain length, branching or monosaccharide composition. Analysis of such a glycan structure in solution can be modelled by the application of a MMC (Metropolis Monte Carlo) simulation (Figure 2 ; courtesy of Kay Boettcher) to just one of the diverse carbohydrate structures of the lymphocyte CD52: a tetra-antennary polylactosamine-containing N-glycan with terminal sialic acids, as proposed by Treumann et al. (1995) . The coloured dots show all possible positions for the terminal sialic acids, and clearly demonstrate the mobility and flexibility of this structure. Statistically, such a mobility would also enhance the probability of entering a conformation which could be recognized by lectin-like structures which, themselves being proteins, are much less flexible. Thus it is important to note that glycosylation is four-dimensional, rather than three-dimensional, with the added dimension (time) enhancing recognition by specific, receptor-type molecules.
It has been suggested that specific oligosaccharide moieties of certain glycoproteins may be immunosuppressive (El Ouagari et al., 1995; Clark et al., 1996a,b) , though mechanisms as to how this may work are far from clear. However, carbohydrates can also definitely be immunogenic, as for example, in the AB(H)O-system of blood factors, and certainly spermatozoa are able to raise a relatively high antibody titre, (as seen in vasectomized men). Important in this context is the fact that a T-cell-dependent immune response against conjugated carbohydrates is only possible against molecules that still possess a peptide moiety, since only this part of the molecule can be processed by antigen-presenting cells (Austyn, 1989) . Equally, however, monoclonal antibodies raised against sperm surface membranes tend to be directed preferentially against carbohydrate moieties (Isojima et al., 1990; Kameda et al., 1991 Kameda et al., , 1992 Kurpisz and Alexander, 1995; Tsuji, 1995) . Thus it is this part that appears to be 'seen' by the antibodies.
The regionalization of sperm maturation provides another possible clue to the role of the glycocalyx. It is evident that all such membrane modifications do not occur within the testis, nor simultaneously in any one region of the male tract. It is particularly noticeable that there is a geographic hierarchy in the modification of the sperm membrane, with most notably the major sperm surface antigen, CD52, being added last, following other epididymal interactions. Given the high degree of carbohydrate mobility discussed above, it seems logical to consider that the addition of this antigen is likely to occlude later interactions between luminal molecules and other proteins on the sperm surface. Such interactions are probably easier prior to the advent of CD52. This molecule and similar antigens may thus also serve to protect the sperm surface from non-specific pre-emptive interactions in the female tract, prior to specific surface changes occurring at fertilization.
Another, less obvious, role could be in influencing the biophysical properties of the sperm membrane. Possibly more than most other cell types, the properties of the sperm outer membrane are very important with regard to all the functions and interactions of the male gamete, e.g. capacitation, sperm motility, sperm survival in the male and female tracts, the acrosome reaction, zona binding and penetration, and gamete fusion. This has been underscored by the numerous studies which involve the change in membrane fluidity and membrane cholesterol content during sperm maturation (Jones, 1989; Bearer and Friend, 1990) , and most recently by the dramatic effects of free radicals and the oxidative status of the sperm membrane (reviewed in Aitken, 1995) . In general, lipid oxidation and factors causing a reduction of membrane fluidity lead to a loss of sperm function. It therefore seems likely that molecules intercalating into the sperm membrane, such as glycolipids or GPI-anchored glycoproteins, could substantially influence local membrane properties, including ion flux across the membrane, and possibly also motility parameters.
A further biophysical property of a dense hydrophilic covering of the sperm cells could be to prevent the spermatozoa from non-specific interactions with proteins-acting as a natural repellent. Similar non-adhesive glycocalyx-like surfaces were artificially constructed by Holland et al. (1998) , who coated graphite with oligosaccharide surfactant polymers possessing dextran and alkanoyl side-chains. These polymers were shown to assemble on the graphite surface via their hydrophobic domains, while the dextran side-chains protruded into the aqueous phase and created a glycocalyx-like surface. This surface was effective in suppressing protein adsorption (from human plasma protein solution).
Finally, there is a striking superficial resemblance between the glycocalyx of the sperm surface and that characterized on the surface of some successful protozoan parasites. Trypanosoma brucei also uses highly glycosylated GPI-anchored molecules (VSG, variant surface glycoprotein) to protect itself within the host bloodstream (Ferguson et al., 1994) . This GPI-anchored glycocalyx allows a high packing density of glycosylated molecules, which by being variant offer protection against the host immune system and protect underlying membrane molecules which might offer a target for host resistance. Other GPI-anchored proteins, like the 35/60 kDa antigen from Trypanosoma cruzi, are involved in specific host-parasite interactions (and finally appear to be involved in infectivity, i.e. specific membrane-membrane interaction (Ferguson et al., 1994) . A major difference, however, is the induced variability of trypanosome glycoproteins, which are able to switch structure once an immune reaction has occurred, thus making the parasites effectively invisible to the host immune system. Nevertheless, the resemblance of the sperm surface to that of the protozoan parasite in terms of structure (GPI-anchored molecules, dense sugar surface) and function (protection, binding specificity, hierarchical interactions with host cells) could be very informative about the mechanisms involved in glycocalyx function.
Conclusion
The spermatozoon has been likened to a spaceship carrying a very important genetic load across a vast distance of hostile space, to deliver it in perfect condition to its target planet. Like the outer hull of that spaceship, the sperm glycocalyx has to be protective against a variety of potentially inimical influences, and yet contain complex functions involved in informational exchange, motility control, docking and delivery of its contents. In the past few years we have begun to understand the shape and form of some of the components of the sperm glycocalyx, including for some molecules full primary structure. Only when the complete structures of most of the sperm surface components are known, however, will we begin to understand the mechanisms underlying these complex functions and their pathologies manifest as male infertility.
